apical GroEL domains. GroES, a ring of seven 10 kDa 1999). These proteins were included in class I. As shown representatively for ENO, upon dilution from desubunits, associates with ATP bound GroEL and forms a lid on the GroEL cavity, thus causing the displacenaturant under standard conditions (37°C, 0.5 M final concentration), w55% of enzyme activity was recoment of nonnative protein into a cage-like compartment (the cis cavity). Because GroES binding results in the vered within 1 min in the absence of chaperones ( Figure  1A ). Nearly 100% of enzyme activity was regained when burial of the hydrophobic surfaces of GroEL (Xu et Here we describe the characterization of the GroEL-(data not shown), suggesting that DCEA and GATD are not obligate GroEL/GroES substrates. Indeed, the DnaK substrate proteome by a combination of biochemical analyses and quantitative proteomics. Approximately system was as efficient in mediating refolding at 37°C ( Figure 1B) , and an additive effect of both the DnaK and 250 of the w2400 cytosolic E. coli proteins interact with GroEL in wild-type cells, and this number increases the GroEL system was observed with DCEA ( Figure 1B ) but not with GATD ( Figure S1A ). substantially in cells lacking the upstream chaperones TF and DnaK. However, only w85 substrates exhibit an
In the case of threonyl-tRNA synthetase (SYT; 74 kDa), a protein too large to be encapsulated in the obligate dependence on GroEL for folding under normal growth conditions, occupying 75%-80% of the GroEL cavity, GroEL/GroES-assisted refolding was only w20% efficient ( Figure 1C ). In contrast, the DnaK sysGroEL capacity. Proteins with (βα) 8 triosephosphate isomerase (TIM) barrel domains are highly enriched tem supported 70% refolding at 37°C, without an additional increase in yield upon combining DnaK and among these substrates, suggesting a role for the chaperonin in the structural evolution of this widely disGroEL/GroES ( Figure 1C ). Thus, it is likely that DnaK and GroEL share a number of substrates mainly in the tributed enzyme fold. On the other hand, the restriction of obligate GroEL dependence to less than 5% of cytopreferred size range of GroEL (up to w60 kDa), whereas larger proteins may generally be more adapted for foldsolic proteins indicates a high degree of folding robustness for the E. coli proteome, presumably resulting ing by the DnaK system. from an extensive overlap among chaperone functions.
Class III Substrates Have an Obligate Results
Requirement for GroEL A third group of GroEL interactors was found to be The set of w50 previously identified GroEL interactors stringently chaperonin dependent (class III proteins), in-(Houry et al., 1999) contains a number of proteins for cluding 5,10-methylenetetrahydrofolate reductase (METF; which functional enzyme assays are available (see Ta- 33 kDa), S-adenosyl methionine synthetase (METK; 42 ble S1 in the Supplemental Data available with this artikDa), and DAPA (31 kDa) ( Figure 1D ; Figure S1 ). While cle online). We studied the GroEL requirement of these METK and METF failed to refold spontaneously under proteins for acquisition of the enzymatically active state a variety of conditions known to reduce aggregation, in refolding experiments in vitro. Dihydrodipicolinate slow but efficient spontaneous refolding was observed synthase (DAPA) was included in this analysis since it for DAPA in the presence of 0. Figure 1D ; Figure S1 ). However, DnaK was able to effifound for glyceraldehyde-3-phosphate dehydrogenase (G3P1; 35 kDa), another abundant glycolytic enzyme ciently bind and stabilize aggregation-prone, nonnative forms of these substrates and transfer them to GroEL previously identified as a GroEL interactor (Houry et al., In vitro refolding of ENO (class I) (A), DCEA (B) and SYT (C) (class II), and METF (D) (class III) was analyzed upon dilution from denaturant at 37°C into buffer containing various combinations of chaperones and 5 mM ATP, as indicated, and was followed by measuring enzymatic activity. Refolding of METF was also analyzed upon dilution of the denatured protein into buffer containing DnaK/DnaJ/GrpE, followed by addition of GroEL/GroES after 5 min. The stoichiometry of components was 1 substrate:2 GroEL (14-mer):4 GroES (7-mer):5 DnaK:2.5 DnaJ:5 GrpE. The enzymatic activity of an equivalent amount of native substrate protein is set to 100%. for subsequent folding. In contrast, upon dilution from proteins, whereas overexpression of GroEL alone, equivalent to a relative depletion of GroES, tended to reduce denaturant into buffer lacking chaperones, these prosolubility. The 74 kDa class II protein SYT was also parteins lost their competence for GroEL-assisted folding tially insoluble in wt cells but was unaffected by GroEL/ within minutes due to aggregation ( Figure 1D ). These GroES expression, consistent with the limited efficiency findings suggest that METF, METK, and DAPA populate of GroEL/GroES to assist SYT refolding in vitro. aggregation-sensitive folding intermediates and require
The fate of these proteins at their endogenous levels the specific folding environment provided by GroEL/ was examined upon GroEL/GroES depletion, employGroES to progress to their native state. Binding to DnaK ing cells in which the groE promoter was exchanged by may both function as a reservoir for these substrates the arabinose-controlled pBAD promoter (McLennan and facilitate their efficient capture by GroEL.
and Masters, 1998). Upon shifting these cells from arabinose to glucose, GroEL levels decreased by w90% Dependence of Substrates on GroEL In Vivo within 3 hr, while cell growth continued for w8 hr. Class We next sought to confirm the validity of our GroEL-I proteins remained soluble throughout GroEL/GroES substrate classification in vivo. Proteins were overexdepletion, as shown for ENO (Figure 2) . Similarly, class pressed at 37°C in E. coli cells containing wild-type (wt) II substrates GATD and DCEA were not affected in their or w5-fold elevated levels of chaperonin ( Figure S2 ). solubility ( Figure 2 and data not shown). GATD showed ENO and G3P1 (class I) were essentially soluble in wt a nonuniform expression behavior during the time cells, consistent with their chaperone independence course of the experiment, a phenomenon linked to the in vitro. In contrast, DCEA and GATD (class II) and change of media (Nobelmann and Lengeler, 1996). SYT METK, METF, DAPA, and GATY (class III) were 60%-was expressed uniformly and was only partially insolu-70% insoluble. Elevating the levels of GroEL/GroES ble upon prolonged chaperonin depletion (Figure 2 ). In contrast, class III substrates showed an absolute chapcaused a w2-to 3-fold increase in solubility for these
Isolation of GroEL/GroES Complexes with Encapsulated Substrates
A comprehensive identification and characterization of GroEL interactors was undertaken to extend the classification of GroEL substrates to the entire E. coli proteome. GroEL-associated proteins were trapped within the folding-active cis cavity of GroEL under the lid of a fully functional, C-terminally His 6 -tagged GroES ( Figure  3A) . The GroEL/GroES-His 6 complexes were fixed in the ADP bound state upon lysis of live spheroplasts in the presence of glucose and hexokinase to rapidly (in <3 s) convert cellular ATP to ADP, followed by isolation by immobilized metal affinity chromatography (IMAC). GroEL interactors contained in slices of onedimensional SDS gels were digested with trypsin, and the resulting peptides were separated by liquid chromatography coupled to Q-TOF tandem mass spectrometry (LC-MS/MS) for identification (Lasonder et al., 2002) . GroEL/GroES complexes formed with E. coli GroES-His 6 proved to be of limited stability during isolation, raising the possibility of postlysis loss or exchange of substrates. However, efficient recovery of GroEL complexes was achieved upon short-term expression of the highly similar GroES of Methanosarcina mazei ( (Table S2 ). To identify proteins interacting with GroEL during and after cell lysis, cells expressing MmGroES-His 6 were mixed with wt cells that had been isotope labeled with leucine-D3 (see SI-LAC below) and lysed together in the presence of glucose and hexokinase. Upon isolation of GroEL/GroES and LC-MS/MS, a total of 32 Leu-D3-labeled proteins could be identified as nonspecific GroEL interactors, including 6 of the 7 proteins found to bind to IMAC beads and 20 ribosomal proteins (Table S2) DnaJ were also specifically associated with the GroEL or superior to conventional staining techniques (Rappsilber et al., 2002 and Supplemental Experimental Procomplexes. Incubation of GroEL/GroES/substrate comcedures). Assuming that the w1300 undetected lysate plexes with PK resulted in the production of the 44 kDa proteins have very low abundance values (<50 ppm), ATPase domain of DnaK, similar to native DnaK not asthese proteins would contribute less than 7% to total sociated with GroEL ( Figure 3D ). This indicates that soluble protein by mass. The data set of GroEL subDnaK (69 kDa) is not encapsulated in the GroEL cis ring strates was estimated to be essentially complete based but rather interacts, as a functional chaperone, with unon the following criteria: (1) the number of identified folded substrates bound to GroEL in trans, consistent proteins did not increase in repeated analyses; (2) with its ability to stabilize certain proteins for subseanalysis by more sensitive FT-MS did not significantly quent interaction with GroEL.
increase the number of GroEL substrates identified (data not shown); and (3) an additional w150 GroEL inOverview of the Proteomic Data Sets teractors were identified by the same experimental pro-A total of w250 proteins were reproducibly identified tocol in cells lacking TF and DnaK, indicating sufficient as specifically associated with GroEL at 30°C and 37°C sensitivity of the method in wt cells. (Table S3 and and OmpC), and comprise proteins of all major func-( Figure 4B ). This value is based on the number of diftional categories ( Figure S3A and Table S3 ). No preferent peptides of a specific protein identified by MS dicted membrane-spanning proteins of the inner membrane but several membrane-associated proteins were and provides an estimate for abundance comparable Table S3 ).
In contrast, for validated class I proteins, less than the experimentally identified lysate proteins was virtually identical to that of the genome-based E. coli pro-0.02% of total was found to be GroEL associated (Figure S4) , indicating that their folding is essentially GroEL teome ( Figure S5B ). The GroEL interactors were found to be significantly enriched in the (βα) 8 TIM-barrel fold independent. The substrate set contained w40 other proteins sharing this property (Table S3 ). Most of these (SCOP class c.1) ( Figure 4D ). This fold is shared by 6.8% of all lysate proteins with an identifiable structural proteins are very abundant in the cytosol, but collectively they make up only 1%-3% of all GroEL interachomology (55 out of 814 lysate proteins) and by 7.6% of all proteins in the preferred size range of class III tors by mass (Figures 4A and 4B) . The remaining w130 GroEL interactors were tentatively grouped into class proteins (45 out of 595 lysate proteins). The complete set of GroEL interactors contains 17% protein se-II. For these proteins, including GATD and SYT, between 0.1% and 2.6% of total was recovered on GroEL, quences with TIM-barrel fold (35 out of 210), and the predicted class III substrates are further enriched in indicative of partial GroEL dependence. These proteins are of average abundance and together occupy w20% TIM-barrel proteins to 28% (18 out of 65 proteins with identifiable structure). Based on their cumulative abunof the GroEL capacity ( Figures 4A and 4B) .
The molecular mass distribution of the predicted dance in GroEL complexes, TIM-barrel proteins contribute w35% to the total mass of all GroEL substrates class III substrates is shifted to larger sizes compared to that of total lysate proteins and shows a sharp cutoff but only w6% to overall protein mass in the cytosol. These results indicate a pronounced dependence of a toward proteins of >50 kDa ( Figure 4C ), consistent with a dependence on the encapsulation mechanism for the subset of (βα) 8 barrel proteins on the chaperonin system for effective folding. 
GroEL Requirement of Class III Proteins Is Independent of the Bacterial Folding Environment
Heterologous expression in the eukaryotic cytosol, which lacks a bacterial-type chaperonin, provides a stringent system to independently test the validity of the classification of newly synthesized GroEL substrates. A set of class III proteins, including METK and ten TIM-barrel substrates, were moderately expressed in different wt S. cerevisiae strains from galactoseinducible promoters. Remarkably, all of these proteins accumulated in the insoluble fraction but were essentially soluble when both GroEL and GroES were expressed in addition ( Figure 5A and data not shown) . Thus, the requirement of the class III proteins for GroEL/GroES is specific and independent of the bacterial machinery of protein synthesis. In contrast, ENO (class I) as well as three class II proteins tested was soluble upon expression in wt yeast ( Figure 5B ). Substantial aggregation of the class II proteins was observed in the mutant strain Dydj1 that lacks the yeast Hsp70 cofactor Ydj1p (Figure 5B ), supporting the conclusion that class II proteins are chaperone dependent but can utilize either the Hsp70 system or GroEL/GroES for folding.
Mechanisms for Substrate Selection by GroEL
Since the TIM-barrel fold is widely distributed (Nagano et al., 2002), it cannot per se be the sole criterion for the GroEL/GroES dependence of a protein. Indeed, the abundant TIM-barrel protein ENO (class I) folds robustly in the absence of chaperonin (see Figure 1A ). An extensive search for a more detailed common structural feature of the class III TIM-barrel substrates remained unproductive. This may suggest that the folding intermediates of these proteins, rather than their final structures, share characteristic features that confer GroEL dependence. Evidence in support of this hypothesis was obtained by competition GroEL binding experiments. We found that ENO bound efficiently to GroEL upon dilution from denaturant, based on the ability of lap between TF and DnaK. However, an additional dance in the cytosol and are stringently GroEL dependent for folding (class III), whereas the other GroEL inw150 GroEL interactors were identified in ⌬dnaKJ⌬tig teractors are more abundant but have only a partial cells. Proteins with TIM-barrel domains were not signifirequirement for GroEL (classes I and II). The obligate cantly enriched among these proteins ( Figure 6B ). We GroEL substrates include at least 13 essential proteins, also found that several class III substrates partially agexplaining why the chaperonin system is indispensable gregated in ⌬dnaKJ⌬tig cells while being fully soluble for E. coli viability. The limited set of class III proteins in wt cells (data not shown), suggesting that, in the ab-(less than 5% of total) probably defines the core cytosence of TF/DnaK, these proteins fail to interact with solic proteins with an obligate dependence on a speGroEL effectively. The size distribution of GroEL subcific chaperone mechanism, suggesting a high degree strates isolated from ⌬dnaKJ⌬tig cells is shifted toward of folding robustness of the E. coli proteome as a result smaller sizes, similar to the distribution of total lysate of an extensive functional redundancy among chaperproteins ( Figure 6C GroEL is largely devoted to assisting the folding of a TIM barrels populate off-pathway species that result in rather small number of obligate substrates, with TIMsevere kinetic trapping during folding. We note that, barrel proteins contributing w45% by mass ( Figure 7A ). due to their predominantly oligomeric nature, many of This surprising finding suggests that the chaperonin these proteins must fold into subunits still exposing and its major substrates have mutually adapted during substantial hydrophobic interfaces, and this would evolution. In analogy to this proposed process, GroEL/ likely add to the ruggedness of their folding pathways. 
